result in abdominal hernias, vascular injury, and possible impotence or retrograde ejaculation in male patients. 12 Moreover, patients with pathological fractures may be poor candidates for an anterior approach because of poor pulmonary function, medical comorbidities, previous surgery, or radiation at the level of disease. 4 Posterior spine surgery is familiar to all spine surgeons. It provides clear visualization of the neural elements and allows multisegmental fixation and correction of deformities. However, the correction and maintenance of sagittal alignment is difficult to achieve via posterior fixation alone. Significant mechanical stress exposes a posterior-only construct to a high risk of failure due to rod-screw fracture or pullout. 28, 37 A combined anterior and posterior technique provides ideal restoration of vertebral body height and durable stabilization in all 3 planes of spinal motion. It remains unclear whether the benefit of superior fixation outweighs the increased operative time and elevated occurrence of major complications associated with combined anterior and posterior procedures. 27 In the current multicenter case series we report on single-stage thoracolumbar vertebrectomies combined with circumferential reconstruction and arthrodesis in 67 patients. We focused on the indications, surgical techniques, complications, and outcomes of patients treated with a vertebrectomy and reconstruction of the anterior column via a posterior-only approach.
Methods

Patient Population
This study included 67 consecutive patients who underwent a single-stage thoracolumbar vertebrectomy with circumferential reconstruction and arthrodesis between March 2005 and May 2009 at 4 major centers: Weill Cornell Medical College, New York Presbyterian Hospital, New York; University of California, San Francisco; University of California, San Diego Medical Center, San Diego; and Hospital for Special Surgery, New York. Personal data, age, cause of fracture, previous spine surgeries, pre-and postoperative ASIA scores, pre-and postoperative Cobb angles, levels of corpectomy, levels of fixation, sacrifice of nerve root, surgery time, estimated blood loss, duration of hospital stay, complications, and follow-up data were collected. Patients included in the series suffered from mechanical failure of the anterior and middle spinal column due to malignancy, trauma, or infection. Surgery was performed for the following reasons: mechanical instability, progressively worsening neurological status, or back pain unresponsive to nonsurgical treatment. The pre-and postoperative neurological status were assessed using the ASIA score (Table 1) . 25 Computed tomography and conventional radiographs were obtained both pre-and postoperatively. Six patients had died by the time of the last follow-up.
Operative Procedure
Patients were prone on a Jackson table. Via a midline incision, using subperiosteal dissection in a standard fashion, laminae and transverse processes were exposed. Pedicle screws were inserted, and a single rod was secured in place to stabilize the level of pathology. The treating surgeon determined short-versus long-segment fixation on a case-by-case basis. Following a wide laminectomy at the pathology level, the pedicle was subjected to an eggshell procedure, and the cortical margin was removed using a small rongeur with particular attention directed at the cephalad and caudal nerve roots and the medially located thecal sac. Once the pedicle-body junction was reached, the cephalad and caudal discs were localized with the aid of intraoperative fluoroscopy. The annulus was incised, the disc was removed with curettes and rongeurs, and the endplates were prepared. Using a combination of highspeed drill, curettes, and rongeurs, the vertebral body was removed. In the thoracic spine, part of the ribs and/or rib heads was removed as necessary. In many cases, the rib heads were preserved, and a transpedicular approach was used. 6 At L-1 and above, the nerve root ipsilateral to the side of cage implantation was sacrificed in most cases to facilitate cage placement. All 67 patients underwent the implantation of expandable titanium cages (Synex, Synthes Spine; VBR, Ulrich; Globus expandable cage, Globus Medical; and VLIFT, Stryker). Implants were filled with a combination of locally harvested bone, rib or iliac crest graft, demineralized bone matrix (DBX, Synthes), silicon substitutes, calcium phosphate (Actifuse, ApaTech), and/or bone morphogenetic protein. Posterolateral fusion with pedicle screws and rods was completed in all cases. Patients received standard postoperative care including postoperative antibiotics for 24 hours, patientcontrolled analgesia, and gastric ulcer and deep venous thrombosis prophylaxis.
Radiographic Evaluation
Two parameters were assessed in the current report: Cobb angles and bony fusion. Cobb angles were obtained from the superior endplate of the unaffected vertebral body cephalad to the deformity, to the inferior endplate of the unaffected vertebral body caudal to the deformity. Fifty-two patients in the series had preoperative CT scans, and 15 had anteroposterior and lateral radiographs, which allowed for the measurement of the sagittal deformity. Immediate postoperative imaging consisted of an- teroposterior and lateral radiographs. At the last followup, Cobb angles were assessed using CT scans in 29 patients and lateral radiographs in 38 patients. Bony fusion was evaluated on either CT scans or flexion and extension radiographs. Bridging trabecular bone and the absence of a dark halo around the implant or fracture of the implant were used as radiographic criteria indicating fusion on CT images. 26, 29 On flexion and extension radiographs, fusion was considered to have occurred if < 4° of angular motion was observed. 20 Fusion was assessed in 30 patients who had undergone the procedure with the intention of bony fusion for traumatic and osteomyelitic fractures. In these patients, there were 12 CT scans and 8 flexion and extension radiographs to assess fusion rates. Among the remaining 10 patients, 6 were lost to long-term follow-up and 4 had anteroposterior and lateral radiographs that did not allow for appropriate assessment of bony fusion.
Statistical Analysis
Descriptive statistics (mean, standard deviation, and range) were obtained for continuous variables. These variables were compared using ANOVA followed by a post hoc Tukey test. Repeated measurements of Cobb angles were compared using a Wilcoxon signed-rank test. For categorical variables of interest, percentages were calculated. Associations between categorical data were evaluated using the chi-square test. All analyses were performed in SPSS, version 18.0 (SPSS, Inc.).
Results
Sixty-seven patients underwent a single-stage thoracolumbar vertebrectomy with circumferential reconstruction and arthrodesis. The study cohort comprised 35 females and 32 males, with an average age of 54 years (range 14-86 years; Table 2 ). Deformity of the vertebral column was caused by pathological fractures in 37 patients (55%). Breast cancer was the most common malignancy in 9 patients, followed by multiple myeloma in 7, lung cancer and prostate cancer in 4 each, and adenocarcinoma in 3. Pathological fractures treated in the current series were evenly distributed across the thoracic and upper lumbar spine. The majority of pathological fractures were treated with single-level corpectomies (78%); only 22% required 2-level corpectomies (Table 3) . Traumatic compression and burst fractures were encountered in 17 patients (25%). More than one-half of these fractures were located at the thoracolumbar junction at T-12/L-1. Traumatic fractures were exclusively treated with single-level corpectomies. Osteomyelitis was the cause of fractures of the anterior spinal column in 13 patients (20%). The majority of fractures with infectious etiology (69%) required multilevel corpectomies. Of note, 10% of the patients in the series had a history of previous spine surgery. The operative time for single-stage corpectomies with placement of a cage and posterior instrumentation was on average 324 minutes and did not differ significantly among pathological, traumatic, and infectious fractures (range 157-692 minutes). The estimated average blood loss per case was 1511 ml (range 250-7800 ml). The estimated blood loss for pathological and infectious fractures tended to be higher than for the repair of traumatic fractures. Vertebrectomies were most commonly performed at T-12 (9 patients), L-1 (8 patients), and T-3 (7 patients). While 50 patients (75%) underwent a 1-level corpectomy, only 16 patients (24%) underwent 2-level procedures, and 1 patient underwent a 3-level procedure. In the majority of cases involving the thoracic spine (88%), 1 or more nerve roots were sacrificed to facilitate cage placement. Only in a small percentage of operations involving the lumbar spine were nerve roots sacrificed (18%). Thus, unilateral resections of nerve roots were performed at the level of L-1 in 2 patients and L-2 in 1 patient. The construct was stabilized using a posterolateral instrumented fusion in all patients. In 8 patients (12%; 3 patients with pathological fractures and 5 with traumatic fractures), a short-segment fixation was performed with 1 segment of stabilization cephalad and 1 caudal to the corpectomy. The majority of patients (53 patients [79%]) received long-segment fixation with 2-3 levels of stabilization cephalad and caudal to the corpectomy. The postoperative hospital stay lasted a mean of 10 ± 5 days.
Neurological status was assessed using the ASIA outcome scale (Table 1) . Preoperatively, one-third of patients were neurologically intact (Table 4) . Long-term followup data (20.5 months after the procedure) were available for 61 patients; 6 patients were lost to long-term followup. Of these 6 patients, 5 had osteomyelitic fractures. Approximately one-half of the patients with long-term follow-up data had neurological examinations unchanged from the preoperative examinations (31 patients), and 23 patients showed improvement in their neurological function (Table 4) . However, 7 patients showed a decrease in lower-extremity motor function, which was due to disease progression in 5 patients with pathological fractures. A decrease in function was also seen in 1 patient with a traumatic L-2 fracture and 1 patient with osteomyelitis.
Radiographic evaluation prior to surgery revealed an average sagittal deformity of 17.1° (range 2°-33°; Table  2 and Fig. 1 ). Posterior corpectomies and the placement of expandable titanium cages significantly reduced the sagittal deformity to 10.0° (range 0°-47°, p < 0.001). An improvement in sagittal alignment was not significantly correlated with the type of pathology (traumatic, pathological, or infectious fractures), number of corpectomies, or length of posterolateral fusion. At the last follow-up 20.5 months after the procedure, Cobb angles were assessed on 29 CT scans and 38 radiographs. The average sagittal deformity was 10.9° (range 0°-47°) and remained significantly different from preoperative values (p < 0.001), and thus a mean sagittal deformity correction of 6.2° (range 0°-29.8°) was achieved. During the follow-up period, Cobb angles were on average reduced by 0.9°. As discussed below, 3 patients showed progressive sagittal deformity and 2 patients demonstrated pseudarthrosis at the graft site, whereas the remaining patients had stableappearing follow-up radiographs. Two-thirds of the patients with traumatic and osteomyelitic fractures, whose treatments were intended for bony fusion, had CT scans or flexion and extension radiographs that allowed for the assessment of bony fusion. Defined either as bridging trabecular bone on CT scans or as < 4° of motion on flexion and extension radiographs, bony fusion was detected in 68% of these patients.
Eight patients suffered from significant complications (Table 5) . Epidural hematomas developed in 3 patients; 1 required surgical drainage, and the others were drained by interventional radiology. This complication did not lead to an adverse neurological outcome, as 1 patient remained neurologically intact and the other 2 patients improved from ASIA Grades C and D to ASIA Grade E. Five patients required revision of their constructs an average of 17 months (range 2-29 months) after the initial placement. Three patients with traumatic burst fractures required revision of their constructs compared with 1 patient with an osteomyelitic fracture and another patient with a pathological fracture (Fig. 1D-J) . A 16-year-old girl with an L-1 burst fracture demonstrated progressive kyphotic deformity of her construct attributable to subsidence of the cage (Fig.  1H-J) . Another patient with an L-4 burst fracture had increased lordosis due to distraction of the cage at the time of surgery, leading to a mismatch between cage geometry and endplate configuration (Fig. 1D-G) . While these patients with traumatic fractures had similar Cobb angles prior to surgery compared with patients with good durability of their constructs (22° vs 17°, respectively), they had worse sagittal deformity on follow-up imaging compared with the rest of the cohort (33° vs 10°). Both of these constructs requiring revision were short-segment constructs, with only 1 level of fixation cephalad and 1 level caudal to the fracture. The third patient with a traumatic fracture who required revision of the construct had been treated for a T-5 burst fracture. While her construct remained stable, junctional kyphosis developed at T-7, the caudal end of the posterolateral instrumentation. Two patients with osteomyelitic and pathological fractures who required revision showed no increase in sagittal deformity compared with other patients with stable constructs (8° vs 10°). In these patients, CT scans revealed a dark halo around the implanted cage, indicating the formation of a pseudarthrosis at the site of the construct.
Two patients who underwent corpectomies of the lower thoracic spine demonstrated pleural effusions, which necessitated the placement of a chest tube. Four patients suffered from wound infections as minor complications from the procedure; all 4 of these individuals had undergone the procedure for pathological fractures. Three patients were successfully treated with antibiotics, whereas 1 patient required a wound washout.
Discussion
In this multicenter study we described our experience with single-stage thoracolumbar vertebrectomies with circumferential reconstruction and arthrodesis. We demonstrated that this technique may be an alternative to 2-staged anterior and posterior procedures in selected patients.
The posterior transpedicular approach has been well described 24, 33 and has been used for the treatment of pathological and traumatic fractures. 4, 30 Posterolateral approaches provide early visualization of the neural structures and subsequent effective ventral decompression; 15 however, they have been criticized for a narrow and constrained working corridor, possible significant blood loss, risk of injury to neural elements, and technically demanding nature. Recent advances in the design of expandable cages mitigate some of the limitations of the posterolateral approach. Expandable cages can be introduced into the corpectomy site in a collapsed configuration via a narrow working corridor with little need for the retraction of neural elements. Once in place, the cages can be expanded along their sagittal dimension in situ, permitting exact sizing and in-line distraction. Authors of several reports have detailed the adequate reduction of anterior kyphotic deformities via a posterior-only approach combined with expandable cag- es. 31, 32, 34, 38 Sciubbia et al. 32 described this technique to effectively decompress neural structures and restore sagittal alignment in 7 patients with mostly pathological fractures. They characterized the reduction of an average 28° preoperative kyphosis to 12.1° at a 16-month follow-up (Table  6) . Similarly, Wang et al. 38 reported a correction from 26° preoperatively to 12.4° postoperatively in 28 patients who had undergone placement of expandable cages via a poste- rior-only approach for traumatic fractures. Data in the current report are in line with findings in the aforementioned studies, as we found a correction from 17.1° to 10.0°. Interestingly, using a standard anterior approach in 10 patients with traumatic compression and burst fractures, a similar degree of kyphotic deformity correction was achieved (23° preoperatively and 11° at follow-up). 3 In the current study we observed only minimal loss of deformity correction during the 20-month follow-up period. This result is in good agreement with data presented by Wang et al., 38 who reported a loss of kyphosis correction from 11.4° to 13.3° at 31 months after single-stage thoracolumbar corpectomies and placement of expandable cages in a cohort of 28 patients. Similarly, authors using an anterior corpectomy approach found a loss of deformity correction from 7.5° to 10.4° at 32 months of follow-up in 43 patients.
11
Conflicting data about the biomechanical properties of expandable cages compared with nondistractible cages have been published. While Knop and colleagues 16 demonstrated a superior stability for extension, lateral bending, and axial rotation of expandable cages as compared with nondistractible cages in cadavers with identical posterior Universal Spine System instrumentation, no significant difference was found in a cadaveric study by Khodadadyan-Klostermann et al. 14 This discrepancy may be explained by the fact that, in the latter study, a higher preload may have diminished the advantage of in-line distraction achieved with expandable cages. A potential concern with expandable cages is their smaller contact area with the endplates compared with nonexpandable cages implanted via an anterior approach, theoretically rendering them more prone to subsidence. Wang et al. 38 reported subsidence > 2.5 mm only in 3 of 28 patients studied. While the biomechanical features may be matters of controversy, in vivo studies have shown the durability of expandable cages used for restoration of the anterior column after trauma, tumor, and infection. 8, 17, 18, 23, 31, 32, 34 In accordance with these studies, we found that a single-stage thoracolumbar vertebrectomy with circumferential reconstruction and arthrodesis accomplishes durable correction of sagittal deformity. Thus, we observed radiological stability in all but 5 patients (7%) who required revision of their construct. Using criteria for the assessment of lumbar interbody fusions, 20, 26, 29 we estimated a 68% fusion rate in patients with traumatic or osteomyelitic fractures. There are a paucity of data on fusion rates following thoracolumbar corpectomies and implantation of both titanium mesh cages and expandable cages. Theoretically, sagittal reformatted CT scans allow for the assessment of bridging trabecular bone, and flexion and extension lateral radiographs provide information regarding the structural stability of a construct. In the presence of a cage, however, the radiographic assessment of bony fusion is limited because of metallic artifacts. In addition, there are still many unanswered questions regarding the correlation between radiographic findings and actual bony fusion. In a prospective study, Larsen and colleagues 19 evaluated the predictive value of plain radiographs, flexion and extension lateral radiographs, and CT scans in 25 patients with suspected pseudarthrosis of a lumbar fusion. They found no significant correlation between radiographic data and findings on surgical exploration. Similarly, Blumenthal and Gill 5 found only 69% agreement between radiographic and operative findings in a cohort of 49 patients who had undergone hardware removal.
Collapsed expandable cages can be introduced via narrow posterolateral working corridors and require less retraction of neural elements, which reduces the risk of nerve injury and renders this technique attractive for minimally invasive applications. A recent report demonstrated the feasibility of this technique combined with a minimally invasive approach. 15 The authors demonstrated effective spinal canal decompression and reconstruction of the anterior spinal column through an expandable tubular retractor in a cadaveric study. They also reported on their first experience using a minimally invasive technique in 4 patients. In that study, 2 pathological and 2 traumatic fractures were treated with minimally invasive posterolateral corpectomy and short-segment percutaneous pedicle screw constructs. There were no major complications, and the neurological outcome was good. A more recent study documents the application of a minimally invasive single-stage thoracolumbar corpectomy with circumferential reconstruction in a case of symptomatic epidural metastatic disease. 36 In this patient decompression of the spine led to the recovery of neurological function, and sagittal alignment was preserved 9 months after the procedure.
In the current study, 5 patients required revision of their hardware. There was a tendency toward higher rates of failure among patients with traumatic fractures (18%) compared with pathological (3%) and osteomyelitic (8%) fractures. However, our revision rate in traumatic fractures was similar to the rate found by Snell and colleagues. 35 In their series, 14% of patients treated for acute traumatic fractures using implantation of a cage via a posterolateral approach required revision of the construct. In contrast to our study, however, the majority of patients received nonexpandable cages. Interestingly, the risk of instrumentation failure also appears to be similar (14%) in patients who underwent cage placement via an anterior approach for burst fractures. 11 The reason for the higher rate of instrumentation failure in trauma patients may be due to multiple factors. Three factors may have contributed to instrumentation failures in patients with traumatic fractures in our series: endplate defects, ligamentous laxity, and insufficient length of the posterolateral instrumentation.
A high-speed motor vehicle accident was the mechanism for an L-1 burst fracture in a 16-year-old girl who was rendered paraplegic (Fig. 1H-J) . Imaging following placement of an expandable cage revealed progressive kyphotic deformity due to subsidence, and a revision was recommended. One may speculate that trauma violated adjacent endplates, which, together with the smaller footprint of expandable cages and the decision to perform only a short-segment posterior fixation, led to instability and subsidence of the cage. Ligamentous injury may have contributed to the failure of a circumferential construct in a 46-year-old man who sustained an L-4 burst fracture after a 40-foot fall (Fig. 1D-G) . Given the high energy of the trauma, it is possible that a lack of ligamentous counterforce allowed overdistraction of the expandable cage in this patient. In addition, the special geometry at L-4 led to a mismatch between the cage configuration and the anatomy, in turn leading to implant failure. After the initial surgery, the patient was lost to follow-up but presented again after 3 years with symptoms of lower-back pain and intermittent bilateral lower-extremity numbness. His lower-extremity strength was normal on examination. Imaging studies of the lumbar spine confirmed hyperlordotic deformity, and revision of the construct was recommended. The third patient with a traumatic fracture who required a revision was a 48-year-old woman who had sustained a T-5 burst fracture due to a fall. While the Cobb angle of the construct remained stable according to the immediate postoperative films until the last follow-up (29°), junctional kyphosis developed at T-7 at the distal end of the posterolateral instrumentation. Suboptimal correction of the kyphotic deformity combined with a construct ending proximal to a sagittal stable vertebra may have exerted increased biomechanical stress on the disc distal to the construct. Distal junctional kyphosis has been extensively studied in patients who undergo fusion for Scheuermann kyphosis. 9, 21 In these patients, constructs that include the first lordotic vertebra have less of a tendency to develop distal junctional kyphosis. Pseudarthrosis developed at the construct sites in 2 patients with nontraumatic fractures and preserved sagittal alignment. Revision was performed and the patients remained neurologically intact.
Despite the limitations of the current multicenter study, such as its retrospective nature and limited followup time, the data may better define the patient populations suited for this type of procedure. The technique may be valuable as an alternative for patients with moderate kyphotic deformity due to pathological or osteomyelitic fractures who are unable to tolerate an anterior approach or as a palliative procedure in patients with terminal disease. The procedure may also be used for acute traumatic burst fractures provided that adjacent vertebral endplates are intact and that adequate (multilevel) fixation is accomplished with transpedicular fixation that takes into consideration possible disruption of the ligamentous apparatus.
Conclusions
In summary, single-stage thoracolumbar vertebrectomies with circumferential reconstruction and arthrodesis may provide the lower morbidity of a stand-alone posterior approach while conferring the benefits of anterior spine decompression, intraoperative kyphotic correction, and circumferential reconstruction.
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